This study was carried out with two primary goals in mind. Firstly, the purpose was to study the behaviour of the falling number of rye during the growing season in South Ostrobothnia. Secondly, the aim was to study the effect of air temperature and precipitation on the falling number and to develop a mathematical model forpredicting the daily changes in the falling number ofrye.
Introduction
Due to unfavourable weather conditions at harvest time, ear-sprouting and low falling numbers are common for rye in Finland. Therefore the duration of the falling number and the right balance of dormancy in maturing rye kernels are important. At harvest time, autumn rains constitute a very important risk for rye quality, especially starch quality, which the falling number measures.
At the early stage of the ripening process, soon after inflorescence, when the moisture content of the rye grain is 60-70 %, the falling number is very low. Consequently, the alpha-amylase activity is high (Olered and Hummel-Gumaelius 1966 , Olered 1967 , Hitze 1969 , Rohrlich and Hitze 1969 . Thereafter the falling number increases quickly and peaks at a 50 % moisture content, which is the milk ripe stage of the grain. After this the falling number begins to decrease slowly. The presence of large fluctuations in the falling number not showing, however, in the alpha-amylase activity is a characteristic of this decrease. Olered (1976) points out that these fluctuations are an internal phenomenon of the grain and they should not be confused with germination. The falling number continues to decrease when the grain moisture content falls from 40 to 20 %. The decrease ceases when the grain moisture content is less than 20 % (Rohrlich and Hitze 1969) . The alpha-amylase activity increases quickly, or the falling number decreases quickly during the ripening process once the enzymes have been activated (Olered 1963) . The falling number of rye may decrease to a low level even before the grain reaches the yellow ripe stage in unfavourable weather conditions. According to Belderok (1968) the dormancy can be divided into two phases: an immediate postharvest phase in which practically no grains germinate in the germination test, and a subsequent transitional phase following the after-ripened state in which dormancy ends in gradually increasing number of grains. The rye grain is in dormancy when it becomes capable of germinating, which takes place a few weeks after fertilization. The dormancy may last up to maturity or even past it, or it may break already at the milk ripe stage of the grain. The genetic properties of the variety and weather have an effect on the ending of dormancy. High temperature shortens the dormancy of grains and may thus cause a drop in an already high falling number ifit rains.
Sprouting in the ears is associated with the ending of dormancy. Sprouting capacity and sufficient moisture content are prerequisites for sprouting to begin (Rohrlich and Hitze 1969) . Rohrlich and Hitze (1969) noticed that rye had a low sprouting capacity at a 50 % moisture content. The sprouting capacity increases when the ripening of the grain proceeds and the moisture content decreases. According to Lallukka (1976) , sprouting may take place immediately after or even before ripening in some varieties grown in Finnish conditions. In her experiments the end of dormancy, measured by the drop in falling number, was close to the date of yellow ripening.
Rain has only an insignificant effect on the moisture content of the grain at the early ripening stages of the grain and therefore affects the falling number only at the late ripening stage of the grain. A certain moisture content of the grain is needed for changes in the activity of the enzymes to occur and a certain minimum value must be exceeded for amylase to be activated (Fröman 1976) . According to Olered (1967) , this value lies is around 25-328 %. Olered and Hummel-Gumaelius (1966) found a negative correlation between the rainfall and the falling number. In Hummel-Gumaelius (1982) study temperature had a greater effect on the falling number at the early stage of ripening than did rainfall. At the yellow ripening stage rainfall becomes more important than temperature. If the weather is dry during the late ripening stage of the grain, the falling number of the early ripening stage is maintained. If the weather is moist, it may result in a decrease in the falling number (Fröman 1976) .
According to Fröman (1976) , the amylase activity at the early ripening stage is conrolled partly by temperature dependent conditions, where high temperatures initiate high falling number and low temperatures result in low falling number. He noticed on the basis of Fagerberg's (1966) and Lundegren's (1967) studies that there is a certain connection between the curves of the temperature and the falling number. There is however, a delay of three days in the minimum and maximum values of the falling number according to the temperature. Hummel-Gumaelius (1982) observed a high positive correlation between the temperature prevailing weeks before the harvest and the falling number. He did not get a significant difference in the effect between maximum and average temperatures of the day. The temperature during four weeks before harvest gave a better correlation than the temperature during shorter periods. Varis et al. (1983) found a positive correlation between the falling number and the temperature sums that were measured at ten-day intervals backwards from harvest time. The temperature sum 1 (1-10 days backwards from harvest) gave a correlation coefficient of 0.55, the temperature sum II (10-20 days backwards from harvest) gave 0.52 and the temperature sum 111 (20-30 days backwards from harvest) gave a correlation coefficient of 0.50. They also observed that the falling numbers were high if there was a warm period of average daily temperature over 15°C before harvest.
Because the quality of rye fluctuates remarkably from year to year and weather has a distinct effect on the quality, the agricultural advisory organizations have developed a falling number service to enable farmers to get informationabout the level of falling number and when the risk of sprouting is most probable. Though, there are problems in this system; the number of sampling localities is too small, and there is a delay of about two days before the results of the falling number are reported. As known, the falling number of rye can change dramatically in a couple of days. In addition, the ripening process of rye varieties vary depending on locality and microclimatic factors.
The purpose of our work was to obtain information of the possibilities to predict the falling number at different maturing stages of rye. In addition to this, we wanted to get more exact information as to what climatic factors determine the level of the falling number.
Material and methods

Test material
The results of the harvest time trial in rye carried out at the Research Station of South Ostrobothnia of the Agricultural Research Centre were used as test material. The Research Station is located at the latitude 63°N. The material was collected in [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] . Three different harvest times were included in the trial. The first harvest was done a few days after the yellow ripening stage, which is considered the normal harvest time. The second threshing was done about a week, and the third one about a week later than the second. In addition to this material, the data measured for the falling number service in [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] The variety Anna is characterized as a highyielding, large grained late variety. Because of the large grain size, the grains dry slowly. The falling number is quite low when harvested at normal harvest time. Hankkija's Jussi has a short and strong straw, and small grains. The duration of the falling number is slightly better than that of other varieties; otherwise its falling number represents the average. Sampo is a small grained variety with a long straw. Its falling number is considered to be good. Toivo is an old variety. It has the characteristics of a native variety of rye with small grains and a long and weak straw. The falling number is high, but it falls quickly. Voima is a high-yielding variety with medium-size grains, but susceptible to lodging. Its falling number represents the average. The earliest of these five varieties are Toivo and Sampo and Anna is the latest.
Description of the model
The basic idea of the model is to divide the growing season into three periods: 1) the falling number increases, but dormancy is not achieved 2) dormancy 3) the period after dormancy is broken.
Researchers have different opinions as to when the filling of the endosperm begins. The estimates lie between 7-21 days after heading. According to Woodman and Engledow (1924) , the filling of the endosperm begins 21 days after heading. In the prediction model of this study the first period was assumed to start 14 days after heading. During this period the effective temperature sum E TS is accumulated and the falling number starts to rise.
The second period, dormancy, starts when the accumulated temperature sum reaches a critical temperature sum E TSCRir At this point, another temperature sum, D TS , starts to rise. The basic assumption of this study is that the second period ends when the critical accumulated temperature sum D TS DORM is exceeded. The base temperature used was 5.0°C.
During the third period, dormancy is broken and the critical factor is assumed to be the accumulated precipitation sum: the higher the precipitation, the higher the risk of sprouting. Air temperature is assumed to have a minor influence on the falling number during this period.
The flow-chart of the model is given in Fig. 1 , including all the necessary equations of the model. Explanations for the independent and dependent variables and model parameters are given in Table  1 .
Computation of the falling number before dormancy is broken
In the model, the falling number on day I, F., starts to increase 14 days after the date of heading. During the first and second periods (dormancy), the dynamic model is based on the idea that the predicted falling number of a day I is computed from the following four components (see also The purpose of the first component is obvious: a day's falling number must be quite close to the previous days value if the seed is still in dormancy. The second component is based on the assumption that ifdormancy is not broken, the balance between sugars and starch is to a great extent controlled by the maximum air temperature. According to the falling number measurements carried out at the Research Station of South Ostrobothnia, a higher level of falling number can be reached if the maximum air temperatures are above 22-25°C. The third component induces an additional increase in the falling number ifthe maximum air temperature is above 23°C. The fourth component is based on Froman's (1976) observation of Fagerberg's (1966) and Lundegren's (1967) studies that the shape of the maximum air temperature curve and that of the falling number are very similar but there is a time lag of 3 days between these curves.
Computation of the falling number after dormancy is broken
The present version of the model assumes that after dormancy is broken, the falling number F, is computed using the same components as described above and an additional fifth component is adopted that takes into account the influence of precipitation: 5) Decrease in the falling number due to precipitation during the last two days: p D * (P,,
The number of previous days was arbitrarily chosen to be two, but any other number of days could also be used. The fifth component is based on the assumption that alpha-amylase activity starts to increase if it rains a lot before harvesting, and dormancy is already broken. An increase in alphaamylase activity implies a decrease in the falling number.
Results and discussion
Testing of the model
The suggested dynamic model was tested against the falling number measurements of varieties Hankkija's Jussi, Sampo, Voima, Toivo and Anna. The parameters for all varieties were estimated by an automatic method described by Karvonen (1990) . The optimized parameters are shown in Table 2 .
As seen in Table 2 , the parameters varied with the variety. Parameter E TSCRIT was the critical temperature sum which was required for dormancy to begin. The higher the value, the later dormancy began. In principle, the values varied with the earliness of the variety. The early varieties Toivo and Voima had significantly lower values than the late variety Anna.
Hankkija's Jussi was an exception to this rule, but it is considered to have a good duration of falling number.
Parameter D TSDORM indicated the length of dormancy. The higher the value, the longer the dormancy. The differences between varieties seemed to be small. For example, a difference of 20 units meant a difference of two days in the duration of dormancy. Bengtsson (1975) found that the differences in the duration of dormancy were small between rye varieties. Rye is commonly considered to have a short dormancy, which was confirmed in this study. On the contrary, Fröman (1976) Jussi is ignored, the sum was dependent on the earliness of the variety. The falling number resistant variety Hankkija's Jussi had the highest value. Thereby precipitation started to affect the falling number of that variety later than that of the other varieties.
Parameter T FALL was the critical temperature for computing the daily change in falling number due to maximum air temperature. The higher the value, the higher the maximum air temperature was needed to increase the falling number. As seen in Table 2 , the values of the early varieties Toivo and Sampo were lower than that of the late variety Anna. Hankkija's Jussi is quite an early variety but its value was close to Anna's value. The early varieties, e.g. Toivo and Sampo, are characterized by higher falling numbers compared to later varieties, e.g. Anna. The early varieties seemed to benefit more from the warm periods early in the summer, as noticed by Fröman (1976) . This was seen in the maximum values of the falling number.
Parametersp M , p MA and p D indicated the change in the falling number due to maximum air temperature and changes therein. The higher the value, the greater the effect of temperature and consecuent changes in the falling number. There were no great differences between varieties in the maximum temperature, p M . On the contrary, the additional increase in falling number, p MA , of the variety Anna is significantly higher than those of the other varieties. It seemed that the late and high-yielding Anna benefited from the high maximum temperatures. The changes in maximum temperature of the varieties Anna and Toivo are higher than those of other varieties.
Parameter p pD indicated the effect ofprecipitation on the falling number after the dormancy was broken. The higher the value, the faster the precipitation reduced the falling number. The values of the varieties are quite similar. The effect of precipitation on the falling number was high. For instance, a rain of 30 mm in two days caused a decrease of 80-115 units in the falling number. A strong connection between precipitation and decrease in falling number has been observed in many studies (Olered and Hummel-Gumaelius 1966 , Fröman 1976 , Hummel-Gumaelius 1982 , Varis et al. 1983 ). Fröman (1976) pointed out that the moisture content of the grain has to exceed a certain value before amylases are activated. In the light of the results the rain had to be heavy enough or to last long before falling number started to decrease highly.
The dynamic model predicted the falling number most accurately for the variety Anna, with a coefficient of determination of 0.81. The second highest coefficient was for Hankkija's Jussi, 0.75, followed by Voima, 0.71, and Sampo and Toivo, .
The ten years of the testing of the dynamic model can roughly be divided into two groups. Firstly, the years when the maximum falling number reached a high level, over 170. Secondly, the years when the maximum falling number was about 130 or below.
The maximum falling number was high in 1980 and 1986. According to Figs. 7 and 8, the falling number increased to a high level during the milk ripening stage, and after the maximum value was reached, the falling number started to decrease quickly. The increase in the falling number was caused by warm periods during the milk ripening stage, when the maximum air temperature was over 23°C. Also Hummel-Gymaelius (1982) 
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et al. (1983) have noticed that high temperatures increase the falling number. The warm period lasted from a few days to more than a week. In addition to high falling number, the warm period induced short dormancy. The quick drop of the falling number was mainly due to precipitation. It rained a lot during one day, or the rain lasted several days, and this caused the drop. The moisture content of the kernel seemed to exceed a certain value before the falling number started to decrease. Also Fröman (1976) has noticed this. Very often the falling number started to fall, after the maximum air temperature had decreased. During some years it was even frost at that time. It seems that the relative humidity of the air would be a better variable for the model than precipitation, because the changes in alpha-amylase activity are linked with the grain moisture content and the relative humidity of the air. The dynamic model did not predict the highest values of the falling number. This can be seen e.g. in Figs. 7 and 8 .
The fluctuations of the falling number could clearly be seen in the measurements. These fluctuations were especially great in 1983, when the falling number was high (see Fig. 9 ). The dynamic model was not capable of predicting these fluctuations very accurately. Olered (1967) pointed out that the falling number of rye never stabilizes. It is typical for the development of the kernel that a dynamic balance exists between alpha-amylase and starch. The regulation of the water balance is a part of it. According to Olered, temperature and precipitation strengthen these fluctuations. When the weather data was studied more closely it could be seen that during the change in the falling number there was a change in temperature, too, or it was raining. Naturally, part of the fluctuations can be explained by mistakes in sampling.
1977 was a year when the maximum falling number was less than 130. During the growing season the weather was unusually cool and the effective temperature sum was less than 1000 dd. The maximum value of the falling number did not reach a high level (Fig. 10) . There was no very warm period during the maturation of the rye. Even the heading occurred later than usual. It can be assumed that alpha-amylase was not inactivated. Even though the falling number did not reach a high level, the falling number started to decrease after the maximum was reached, and the decrease was very fast.
In most years the low falling numbers in South Ostrobothnia were not due to low maximum values of the falling number but to the fact that the maximum value was reached early in the milk ripening stage and at that moment the rye was too moist to be threshed. After the maximum value was reached, the falling number started to decrease mainly because of the precipitation.
It was typical of the dynamic model that it assumed the decrease in falling number to occur more quickly than it did according to measurements. A reason for this is that the model ignored the fact that the effect of the precipitation on the falling number is dependent on the temperature. When it is warm, higher precipitation is needed to raise the moisture content of the kernel than when it is cool. Suggestions to improve the model To improve the model, more falling number measurements are needed. These measurements should be started very early when the filling of the kernel starts. It would be useful to make these measurements daily to get more information about the fluctuations of the falling number.
The present version of the model calculates directly the changes in the falling number. However, a more physical structure for the model would be obtained by including the alpha-amylase activity as an additional dependent variable. Moreover, the computation of the grain moisture content would be useful. In this case the relative humidity of the air must be used as an independent variable.
Another improvement would be to take into account the fact that air temperature affects the influence of precipitation on the decrease in the falling number. If the weather is warm, more precipitation is needed to cause a drop in falling number compared to cool weather. 
